Introduction
The Mars Exploration Rover "Spirit" arrived at Mars on January 4,2004 and began an extended period of robotic geological investigations of the Gusev Crater landing site. Three weeks later on January 25", the second rover, "Opportunity", completed a successful landing in the Meridiani Planum and initiated similar investigations of this hematite-rich region. During the arrival and surface operations of each rover, an international network of science orbiters from NASA and ESA has provided the rovers with telecommunications relay services, significantly increasing engineering and science data return while enhancing mission robustness and operability. In this paper we describe this relay infrastructure and its use in supporting the Spirit and Opportunity rovers.
representing the Mars relay infrastructure available for support of the Spirit and Opportunity rovers. Section 4 provides a more detailed description of the UHF link characteristics for MER relay support. Section 5 describes the critical event communications strategy during MER entry, descent, and landing, with an emphasis on the use of the MGS UHF relay link during EDL. Section 6 examines the use of relay links during MER surface operations and summarizes data return over the UHF and direct-to-Earth link. Section 7 will summarize the successful demonstration of interoperability conducted by Spirit and Mars Express, establishing the potential for future interagency cross-support based on a standardized link-layer protocol. Finally, Section 8 will conclude with a number of preliminary lessonslearned.
MER Mission Overview Section provides an overview of the MER mission,
The Mars Exploration Rover (MER) Project had the summarizing the science goals of the mission and the primary objective of placing two identical mobile role of communications in achieving those goals, and science laboratories on the surface of Mars to outlining the telecommunications design of the conduct geologic investigations, including rovers. Section 3 reviews the capabilities of the characterization of a diversity of rocks and soils that MGS, Odyssey, and Mars Express spacecraft, may hold clues to past water activity. Spirit and After deployment and checkout periods that lasted less than two weeks each, both Spirit and Opportunity set out to explore their respective landing areas on opposite sides of Mars, with Spirit on the plains of the 160 krn diameter Gusev Crater and Opportunity sitting cozily inside the 20 m diameter, so-called "Eagle Crater" in Meridiani Planum. As of this writing, both rovers have identified the presence of the mineral hematite, which is often associated with an aqueous origin. Opportunity has coupled that observation with the detection of another diagnostic mineral, jarosite, which is only known to form in water, and with studies of the concretions known as "blueberries", to draw the virtually inescapable conclusion that these rocks were formed in the presence of liquid water, possibly subsurface. In addition, rocks containing ripples and cross-bedding are considered by most of the science community to have been deposited in flowing water on the surface of Meridiani sometime in the distant past.
The rovers have been able to make these fundamentally new observations of Mars geology through a study of large-scale morphology via panoramic imaging and remote-sensing spectroscopy via the Pancam and the Miniature Thermal Emission Spectrometer, detailed micro-scale imaging studies of rock samples via the Microscopic Imager (the first sent to another planet), and in-situ spectroscopic assessments of mineralogical composition via the Moessbauer and Alpha Particle X-ray Spectrometers. The last part of the scientific payload, the Rock Abrasion Tool, aided in determining the mineralogical composition by removing the weathering rind and dust that might otherwise have obscured the composition of a target rock. The rovers also provided a detailed study of surface materials and the atmospheric characteristics for the purpose of calibrating and validating orbital spectroscopic remote sensing. Figure 2 .
Mars Global Surveyor
The 
Mars Odyssey
The Mars Odyssey Orbiter was launched in the 2001 opportunity with scientific goals to globally map the planet, determine the surface mineralogy and morphology, determine the elemental composition of the surface and shallow subsurface, and study the Mars radiation environment from orbit. The spacecraft carries thre:e instrument suites to achieve these goals. The Thermal Emission Imaging System (THEMIS) is a visible and infrared imager. The Gamma Ray Spectrometer (GRS) experiment suite maps the elemental composition of the planet surface, and the Martian Radiation Environment Experiment (MARIE) characterizes the radiation environment in Mars orbit. Like MGS, the Odyssey flight system was developed under a Jet Propulsion Laboratory contract with Lockheed Martin in Denver, Colorado. Telecommunications between the Earth and the spacecraft are conducted via an X-Band radio system utilizing a 1.3-meter high-gain antenna. The spacecraft also carries a UHF system capable of storing and forwarding commands to landed assets at 8 kbps as well as collecting data from the rovers at up to 256 kbps. The UHF payload includes dual-string CE 505 transceivers as well as a nadir deck-mounted quadrifilar helix antenna. Figure 3 . Rover UHF Antenna Pattern at 401.6 MHz reality the antenna gain depends on multiple factors: the antenna patterns are very asymmetric in azimuth; this is due to the interaction at UHF frequency between the antenna and the structures present on the spacecraft deck; as an example Figure 3 shows the measured MER pattern measured on a mockup of the rover 0 the rover can be tilted as much as 30" during a pass 0 MGS and Odyssey orbiters fly canted respect to the Nadir direction (respectively by 22" and 17"). These factors make predictions of the link somewhat difficult and make the data volume returned very dependent on the geometry of the pass (elevation and azimuth of the orbiter, tilt and yaw angle of the rover on the surface of Mars).
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Critical Event Communications During Entry, Descent, and Landing MER's Entry, Descent, and Landing phase was defined to begin when the spacecraft reaches the atmospheric entry interface point at 3,522.2 km from the center of Mars and ends after the rover, in its protective cocoon of deployed airbags, rolls to a stop on the Martian surface. EDL represents a challenging time of operations for MER: the sequence of events is controlled autonomously by the spacecraft's flight computer based on software uploaded to the spacecraft many weeks prior to EDL and on final parameter updates sent as late as the day of EDL. The precise timing of EDL critical events, e.g. parachute deploy, airbag inflation, rocket firing, and bridle cut, is determined by algorithms run on board which are dependent on the reception of real-time inputs from multiple spacecraft subsystems.
The EDL sequence of events is shown in Figure 4 and can be summarized as follows. Prior to the start of the entry turn, the spacecraft is in two-way Xband-communication with the DSN via the CMGA. At Entry -105 minutes, the spacecraft switches to the CLGA in preparation for the turn to entry which begins 20 minutes later. The cruise stage is ejected 15 minutes prior to Entry at which point the spacecraft begins to transmit carrier and tone
